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fo?^iIit!S5£d^vS^' niateriais based upon organoboronic acids or organoboronates 



BACKGROUND OF THE iNVENTION 



Many organic or polymeric optic, electronic and optoelctronic devices, such as liqht- 
SLtPhih"*^^ if ¥^-^f? transistors (FETs): solar cells. opti(St;«leguidls^^^^^ 
require high quality organic multi-layered configu/ations to optimise their performance' 

!l!rrL«?r''^"T. ?^ """^T^. Po'y^eric light emitting devices it is advantageous to 
wfthi??h"!: d^v^^f ""^^^"^'^ ^P^'^'^' ^""°«°"^ '"to different 

Sh « crf!^?? "f u , T'"^^ ^'^^"•^ Po'y"'®^ light-emltHng diodes (LEDs) 

»^°^-banspor^,ng. electron-transporting, and light^mltting layers exhibit 
n^oti^«**f'"?-^'^"^L^'9her brightness, and better stability. Solvent-based or wet- 
.?^^o^S^IKS"?"^^^"^^^^ reel-to-reel printing, screen-prinfing or spln-o^ng are 
o^nw febncatiori techniques that could significantly reduce febricafion co^s of 
Siffi^nf EJST'^',**^'*^^- febricaUon of mute-layer device sSSCreTs 4en 

d fficult wrth wet-processmg techniques. One typical problem of maklna muffi- avered 
strurtures using solutions is the fact that the solvent us^J for each suSeSxS laier^ cin 
lead to swelling or dissolution of underlying layers. successive layers can 

IUffSffoJUJ?® "^^^f polymeric materials, it has been found when they are 
oSSr S^^^^ figh^;errJitUng diodes aggregation and excimer forma«o^ can 

uSn hi^wL ^.^""^ ""^^ "^^^^ febricated devices.'^ For example 
upon heating or on passage of an electrical current through a polyfluorene based 

?^,^nkm^l?!^^^''''Jf.^ '^"9 wavelength emission is frequentryTbs^^^^^ fn the 
region 500 - 600 nm which can cause a drastic drop In the emission efficiency? 

(A) Multi-layer devices, are currently being fabricated using the following methods: 

^ f.Zi7 molecular weight organic materials, vacuum deposition is usually 
used for making a mullWayered device structure. ^ 

aSZ^r la^^^H^f^'^ "^'^''^ '® advantageous in highly efficient 

polymer based devices, much research effort has been devoted to this 

fl^Ln^ln !!^ ^^""^ developed different strategies to fabricate multi- 
SX^Et '■F^f ^"2"'^ "^'"9 polymer materials with very different 

'^y^^ ^ multi-layered stmcture 2) pra?t?c 
rhTmSS , P"'^?^®^ .?/ cross-linkable polymer layers, as well as 3) 
r^nnr^S 1^^°' <leposit.on to avold the use of solvents. Bernius et al ^ 
2S?^nhJS.! "f^°^^"°:^"^ triphenylamme copolymers with carbo>^«^ 
JSinto ^o'e-transport layer, as these are soluble m pX 

S ^h fi? ^^I' P'^<=«*«"y '"soluble in aromatic hydrocarbons sSch 
Srvr^L. 2f ^""^ ^" electron-transport and emitUng fluorene 

f HolS^ spin-coated on top of this layer using a ^Znl 
solution. A double layer structure with sharp polymer-oolvmer interface 
was successfully produced using this method Hay'Tt al haJl de!^^^^ 



«) 



W/14/03__ie:j7 FAZJ».W8W3 BUSINESS RELATIONS - 



a new senes of arylamine-based hole-transport polymef^'* that can only 
be dissolved m some organic solvents such as chloroform, for use In the 
fabrication of double layer PLEDs. By using electron transporting 
polymers that are soluble in toluene, double layered polymer blue light 
5 emitting^devices have been successfully fabricated ® Yang and his co- 

workers recently reported a low temperature lamination method using a 
nemptete activated surface process* to fabricate high performance double 
layer blue and red-emitting PLEDs at a temperatures much lower than the 
Tg of the polymers used in their devices. The discovery of cross-linkable 
oligo- and poly(dialkylfluorene)s series^^-"*^ certainly opened the door for 
multi-layer PLED fabrication using solution processable and thermally 
cross-linkable polymeric or oligomeric materials. As an alternative 
approach for making multi-layered polymer devices. Murata''* recently 
reported a two-layered polymer light emitting device prepared by a vapor 
deposition polymerization process, which has the advantage of using a 
solvent-free fabrication environment to produce a good thin film with 
consistency in unifonnity, and minimum contamination. Unfortunately the 
fabncation costs associated with this process are a problem. In addition it 
1'}® v^Pf P^as® polycondensatlon reaction used in this process may be 
20 cirfflcult to apply to other polymer systems. 



15 



(B) In temis of ttie problems associated with aggregation and exdmer fomiation. 
several approaches have been proposed to stabilise the optical properties of 
25 polymers used in light-emitting materials. These include: 

i) Incorporation of bulky substituents into the polymer backbone or at the 
chain ends to enlarge the intemnolecular distance. 
CoPo'y"».e"2ation with other monomers to hamper chain alignment 
Introduction of spiro-stnjctures to decrease the crystallization tendency. 
JO IV) Themrjal^sslinking of precursor oligomers via styiyl chain end groups to 

form amorphous netvtfort($. » k 

Although the vacuuni deposition is a very good technique for the fabrication of multi- 
35 b^Jn^Z ^^^'/^ t to low molecula? weight organic maten^als aiS 

, .JS. 2k I ^^l ! '"^^ "^'^^^ ^y^*®'"' production costs will be higher than 
usmg solvent-based wet processing techniques. Another possible disadvantage is Sfat 

SiS dSto^fenfJI ° ^'"^^ "^^^ ^^^^'^^ operation, which could 

JilSinn ® 5 crosslirUcable polymeric materials meanwhile through spin-coating, solution- 
nnSu V'^^*'"^ attachment of crossllnkable funcHonalffiU to Te 

Sr^?; fpnnplicate the synthetic procedure and needs to be oSsed In 

STnTlSiTr^ crosslinking conditions. In addition, in many caieTt^e^^^^ 

or photo initiators are necessary for the crosslinking reactions to occur These initStore 

chemjcal structure, which can result in defects, which may be detrimental to the device's 
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§i'!?Ste.^"'* ' • presence of Intfiator residues can contaminate 

s fr.*;*2I?'*'^lm ^J'^v'^' " "oted that While the approaches 

o^hn^°" ^? '"^ "^^y '^^"l* ^""^ i'^Provements in the optical stabSry. 

S fntS? h3^\^f ''^ ^ not resulted in the complete suppression of aggregation. On 
the other hand while an approach such as (B), fv) could be used to obtain materials v^h 
(4oo?a method does require a^elatlvely high proSrs^ng t2^"4^SJ^ 

10 U fnnSfion «?ff crosslinking reacUon. In addition, because the reaction involves 
irJ^^t. '^^^""^ '^i"*'^'^' ^^^"9^ ^ Po'ymer backbone are possible 

^SutnS" ^^^^V"?' detrimental to the materials' stam^a^ 

influence other components (e,g.. charge-transporting layers). 

'^T^ organoboronic acids undergo self-condensation (dehydration) 
JSrnteJ net^^^^^^ " multH„^anoboronlc acids, can liad to the formation of 
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^^„> "^^^i^2L°^ ^® ^ provided for the esterification of 

f"*^.^® fransesterificalion of boronates with alcohols or thioteto form a 
functional material intemiediate. that can readily be cross-link^ e g by 
th?^mH f.t-T multi-layer ( Ight-emltb-ng layers and charge4ransporting layrrsfusIS for 
nfL?2»M ^°" of vanous electronic components e.g. Bght-^mitting dlldes (LElS and 
other electronic and optoelectronic devices. ^uti^*;, cwiu 

aSn2fon«fol".?i''®' ^k"^^ ^ ^'^^ ^'^^"^^ of the boronic acid is 

nJ.Tr, ST ^"i^'' ®" etectron-withdrawing, electron-donating, or light-emitOnq 

lin^t oJi? " ^esuKmg network materials could be used as char|;.traSoS^^^^ 
light-emitting layers in LED's or other electronic or optoelectronic devices. °' 

In addition to using boronic acids as outlined above, it is also possible to read boranic 
f^^^L^:^''^'^^:^J?'- P°'y^'«^hols (or thiols to fomi c?osl'Sle 
nl^lJf^ S"^' ""^'^^ "'^y be crosslinked e,g. by heating, to form 

mfw^lfl- ®^"^Pj®: Boronic acids read with simple alcohols, diols. and polyols under 
?o?<io?aEoro^^^^^ 

Dolvol TrlLoS^ aad possessing di- or multiple boronic acid groups with a diol or 
a^d 2) ?onl^hi2S^ material can be expeded (see Figure 1). and Scheme 1 

ana z). Dithiols or polythiols can also be used Instead of the alcohols. 
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transestenricahon of boronates with alcohols or thiols readily occurs on 

jTrSi" ? i^^' P^"S®** ^^^''•■'y J^moved from the system, to give an 
(Scheme l). '^"^^""'^^ ^^""-^ «<> the fomiation of the new e^Xteges 
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Equation (1) 



etc etc, 
M4«ia. x=0. S. n; R ana R-» alkyl. a,yl. or any olher organic and iniMganfcstnictures orgwups. 
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or 



H<1 



R*— [-Y R^]^ 

III 



Hea&ng 
anctfor vacuum 



Functional networics Equation (2) 



II 



wherein, 

ftin^onahly: ttiey can be of small mofecular w^hte or high molecularweSghts. 

- n °Q ""^^ '^'"^ at least one of theot Is R 

A , ~ o. s. or N. they may be same or different 

V=O.S.N{orNH).S}0,AIO.Ti0.6tc. 

a.b. care equal to orlaiser than one. butatteasteiihera(orb)orcrslargerthanone. 
JRgure 1. Ctoss-linMng reactions of boxonic acids or boronates wM, other coinponents. 
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Scheme 1. Foimation ofhole-iransporting net^oiks v«a osteiincdUon of CzBA with PSA. 
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schemez. Fonnauon of blu&^ght emloina networks vfa eston'Rcation of FnSA wUh P3A. 
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FnBOEr 



fiiyrene/aPy aiootiol eopo^er (pSA) 



heafins 




cros»4inHed netwoiks 

The novel crosslinked networks containing light emitting moieties have the potential of 
i^olving problems associated with chain aggregation and/or excimer formation that 
5 can occur in LED's. 

The crosslinkable components containing CzBA/PSA, FnBA/PSA. and FnBOetTSA 
have been used to form crosslinked hole-transporting and light-emitdng thin films to 
demonstrate the feasibility of this approach (Scheme 1 - 3). 



The organoboronic acids, CzBA. FnBA. and poly(styrene-co-allyl alcohol (fSA) are 
readily soluble in THF. The THF solutions of CzBA/PSA, FnBA/PSA, and FnBOet/PSA 
can be used to fabricate thin films using tradrtional approaches such as spln-coating, 
sofution-casting. or dip-ooating techniques. Once the film has been prepared it can be 
crosslinked using mild reaction conditions (e.g.. 120 "C. 2h) in which water is the bj^ 
product, that can be removed by vacuum (this reaction has been confirmed by FT-IR 
analysis). This thermal treatment procedure produces crosslinked thin films, that are 
Insoluble In water alone or in any anhydrous organic solvents. These films are also 
resistant to most wet common solvents such as THF and acetone. The crosslinked 
films produced as outlined above have higher optical stabilities (UV absorption and 
fluorescence) at elevated temperatures (e.g., 120 °C. 24 h) than the crosslinked 
structures made solely from boronlc acids (see Appendix I). 

Crosslinked films of CzBA and F3BA have been used as the hole-transporting layer and 
a blue light-emitting layer, respectively, in a LED device (see Appendix 11). Preliminary 
results demonstrated that (i) the fabrication of a double-layer LED device couW be 
accomplished relatively easily, and (11) the color stability achieved using these thermally 
crosslinkable boronic acids are much improved. 
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jt will be appreoated by those sktliect In the art that this invention can atso be extended 
to include other functionalfties such as amines, sllanols (or silicates), aluminum 
SS.h^!'*fi/°*K alumcnates). titanium aJcoholates. and other metal hillroS (or 



The invention prevides the following advantages: 

^° S^fifftt^! JT""*. ^!'"!<'"9 "^acBon conditions nneans that the generation of 
harmful structural defects is minimised. 

ii) Well-defined structures with identical chromophores, are obtained which give 

correspondingly sharper emission bands. 
Ill) The resulting materials are amorphous on crossllnking and have high glass 
15 transibon temperatures, 

^'f^^^'t'y suppress chain aggregatipn and/or exdmer formation and 
result in devices with high stable performance . 

f^n'SSJnJ"?'"^- °P*°-®'f<^nfe properties by simply mixing different 
A '""^^'ona' molecules in one solution for the film coating, 
S '",st^9t"ral design to fine-tune the opto-electronic properties. 

^ K ®°'^ent-resistance of the crossKnked stmcture allows the febrication of 
multi-layered devices. 

vifi) High purity and mono-dlsperse chromophores give uniform optical and electronic 
25 SX^fiL® Df/I?^?"* "^^^ Our experiments(see below) 

?nr«lJ?oS J ?K P'^^i^^'^S show that the thin films are quite unifbmi as 
T^^^J^^^l'T^"^ interference pattern, and uniform light 

emission area, which depends strongly on the layer thickness. 

' Srl'f' temiinal groups as in other crosslinkable polymers which 

could detract from the devices' stability ^yiymers. wnicn 

m^J^^U^^!^ (organic/inorganic hybrid materials) as indicated in Appendix II 

fhpSS2^?rrf2, ^t''''^**''"'"'"^^^^ '"t^ns'ty *>^fore aid after a 

thecal treatment in vacuum at 1 30 "C for two hours. 

om^nnht'^^i.'*^'^? Structure can be easily realized using materials containing 
SJf'^^^ T'^^Sa f'^"^®' Appendix II. we have demonstrated that a CzBA 
S^t,?~ t^f l^uT' ''^"i't °" ^^^^ °«»^«'- ^'^""''"9 double layer 

tlS^ISi^'iint--?*^',?''''"®^^. ""^^"^ '^y®*- ^t^ct^'-e equals to the sum of 

n2.i^. jrH 5"^- Appendix III, we demonstrated that we have 

^^T^-^ w hole-transporting, electron-transporting and emissive 

40 . St^^fde'srS.'^^" '^^'^^ -^"9 CZBA and 'p.BA.^nd eac^fl^^^r 
'^'^ ^^h^^n^SJ^^' '^^ross-linked before applying the next layer, this technique 

t?e sofu£ htoHrt'?y^',?"*'*r "5"Per-Iattice- type stnicture. not Kke 
the solubility based technique that only a lows very limited (avers 

HOMotuM'o"^^^^^^^ '^^5"? very SLnsitiS if S,echarge mobflrty. 

wnrirfno ni^n if ®' Pos't«ons. and Interface qualrty. the demonstration of - 
wori<ing OLED devices using boronic acids or boronates indicates a reasonably 
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&v^r gruclure between the -hole-transporting layer and the emitting 

layer. Since OLEDs are onJy used here as a testing vehicle, we expect the same 
film processing technique (using organoboronic acid groups as end caps) can be 
applied to the fabrication of photovoltaic cells, wave guide stmctures 1-D 
photonic crystals using multi-layer stroctures. and any other electronic or 
optoelectronic devices using multlplayer stnjctures. 

XIV) The properties of each layer are easily tunable by vaiying functional unit in the 
monorner or by incorporating different monomers by simply mixing There are 
very wide selections of functional units for the monLe,^ XltHJ^IVerS optic3 
nSS.n=^^'?f' other hand, the crossllnking of boronic acid 
groups enhanced compatibility of different mixed monomere in the layer and 
therefore promoted some properties. 

XV) Because of crosslinking of the monomers, the amorphous morphology of the 

f '^^^ ^^^^"'^ ^th such high crosslinwng densSy S 
plfhI^h'',? pn'/"^ aggregation and corstallization. which is usually found in 
PLED and OLED devices, and cause the performance of the device to decrease. 
t« mn&^S®'"*?'" f""^ "If**® materials are not only applicable 

Ilhm ?Ln^f sbtictures, but can also be used in single layer devices to Improve 
stability, and reduce the possibility of aggregation 

m3f rioIT^Sl!?^ ^® ^ "^^^ ^ incorporate other funcBonal 

?ves 2c molecules or polymere) such as chaige transporters. 



25 DETAILED DESCRIPTION OF THE INVENTION 
Appendix I: 

Crosslinkable fimctional materials based upon organoboronic acids or 
organoboronates for multi<Iayer devices 
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Results and Discassioti 

1- Se^^ondetisaUon of oligofluor^e dibortnuc adds to form amorphous polymer networks 
useful as blue Ught emitters. 

Scheme 1. Syntheses of the oligofluorene dftoronic acids. 




mel Pd(PPha)4> 2M NsjCO). toluena. reflux. 
V (3) 2 Jteq n-BuU THF. -78 -ft (b) 4^ eq B(OiPrh. -78 'Cj (c) ZN HO, 



Materials ^thesis. Oligofluorenes caxiying boronic acid groups at 2- and 7-postions, F2BA» 

and F4BA, were synthesized according to procedures outlined in Scheme 1. Hie starting 
materials, 2-bromo-9,9-dioc^lfluorene (1), 2-dihydroxyboranyl-9,9-dioctylfIuorene (2), and 2,7- 
dibromo-9,9-dioctyl£Iuorene (5), were prepared according to the reported methods. The Suzuki 
coupling reaction of 1 and 2 was carried out in a refluxing toluene/aqueous 2M Na^COg solution 
confining 2 % mol of PdCPPhj)^ for 4S h to give the fluorene dimer 3. Bromuiation of 3 using 
Br2 in dichloromethane afforded the dibromo dimer 4. F2BA was then prepared via lithiation of 
4 using 2.SM'l^-BuLi at - 78 in THF, followed by subsequent in-situ reaction with 
triisopropylboranate, and hydrolysis with 2N HCl. Similar procedures were used to prepare the 
diboronic acids F3BA and F4BA finom compounds 5 and 4, respectively, as fllustrated in Sdieme 
1. After being dried under vacuum at room temperature, the compounds F2BA, F3BA. and 
F4BA were reluctant to dissolve in dry solvents, presumably due to the formation of some 
crosslmked structures through partial dehydration of boronic acid groups (confirmed by the IR 
spectroscopy). However, when small traces of water were added, they readily dissolved in 
solvents such as THF, acetone, and DMF. In the presence of water it would appear that the 
crosslinked linkages in these materials are probably hydrolyzed to release soluble free boronic 
acids. The resultant solubility of these compounds under these conditions j&cilitates the 
characterization of their chemical stmcmres in addition to flieir fabrication into filim by solution 
casting. The JR spectra of these diboronic acids (the spectrum of F2BA is shown in Figure 1 as 
an example) clearly revealed the existence of B(OH)2 groups, which was evidenced by a broad 
band at 3430 cm"^ due to the BO - H stretching and a strong absorption around 1330 - 1340 cm'^ 
attributable to the asymmetric B-O stretching. *H NMR spectra of F2BA and F3BA have also 
been obtained in acetone-d^g in the presence of trace of D^O. which confirm the existence of this 
structure. Although F4B A could be dissolved in wet acetone, the resultant transparent solution 
was found to be metastable and became cloudy within minutes, and eventually a white solid 
precipitated- When an equivalent amount of toluene was added to the mixture, however, the solid 
dissolved again. The NMR measurement of F4BA was therefore carried out in a solvent 
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mwure c»^imng^uene^/acetoiie</D,0 (v/v: 20/5/1). The above observed solubility 
d»anges noted for F^BA suggest that the intennolecular interactions Twthin F4B A inX soHd 

^ '^''''^t "y.*^ hydrophobic Soieties in F4BA 

assemble to aggregates, which is driven by the intennoleculi van der Waals force^ A^ will he 
*3cuss«i below, this strong hydrogen bonding presun^ably has ^e^fea^o^on^g 



at 
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10 Figure 1 . IR spectra of F2BA. 
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Cross-lmkmg reaction. Polymer fiJms on KBr disks were prepared by 
casting solutions of F2BA, I3BA, and F4BA in THF followed by the 
evaporation of the solvent in the air. These flhns were subjected to IR 
measurements. The cast films were then cross-linked in a vacuum oven at 
different temperatures. As shown in Figure 1 , the IR absorption of the BO-H 
gro^s of F2BA at 1331 cm'^ virtually disappear after heating at 60 for 2 
nl^i ShrT^ ^.t ^ f absorption peak at 732 cm ^ assigned to the out-of- 
plane vibration of Che boroxme structure appears. Similar IR results were 

stec'rf/"' ^"""^ ^^-^^""^ (^P^^ notshown). These chL'eTin SiR 
spectra strongly suggest the formation of cross-linked networks the 

th^^^^^A J'^''^^f}'T^ boroxine rings (Scheme 2). It was also noted that 
XI H^f^^'S "'^'^ ^'^^ ^^^^ temperature (Figure 1). The e^ 
^^s dehydration reaction in the solid state mider such i^d reactions 
^ifl 'V^f' accounted for the close proximity of boronic acid groups 

r "^^l"^ ^'^^^^'^ ^^^^^^ ^Scheme 2). As mentioned above? 
these cross-hnked structures can be readily hydrolysed in the presence of wet 
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polar solvents such as THF and acetone, but they are insoluble in water alone 
and in anhydrous organic solvents. This property offers exceUent processing 
capabilities for the materials, fecilitating flie fabrication of multi-layered films 
by the use of anhydrous solvents. This property should also pose no problem 
for these matenals in applications requiring a dry atmosphere such as LEDs 



Scheme 2 




10 Thermal properties. DSC and TGA analyses were perfonned on the E2BA, B3BA, and 
F4BA sample as pi^ared. The DSC curve of the F2BA on the fiist heating scan (r. t. ~ 250 
'C) shows a large endothermic peak at 125 »C (Figure 2). associated with the melting and 
paitiaUy dehydration of the boronic acid groups (confintoed by TGA analysis). Similarly the 
F3BA and F4BA samples exMbited broad melting points that peaked at 86 and 63 *C, 
15 respectively. However it was interesting to note that their heat capacities were nmoh lower 
than that of F2BA, suggesting that these materials have low degrees of ciystallinity . On the 
other hand, after being cured at 110 "C under vacuum for 2 h, the F2BA, F3BA, and F4BA 
samples showed no melting points during the DSC scans on the fiist heating. Only slight 
transitions with onset ten^eratures of 173 «C for F2BA, 202°C for F3BA, and 181 ^C for 
20 F4BA, were observed, which were attributed to glass transition tempeiamres (r.'s). The high 
rg's of these materials suggest that the thermal treatment under mild conditions (110 °C, 2h. 
under vacuum) could be responsible for the production of thermally stable ^orphom polymer 
networks. Second DSC heating scans, on both the cured and non-cured samples, however, no 
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longer exhibited any transitions below 250 °C. indicatiiig that the dehydration was completed 
during the first heating scan and the resulting networks have an even higher crosslinking 
densities. 

Tbe TGA analysis of E2BA shows that this compound starts to lose weight as soon as 
5 heating commences with a rapid loss of wei^t occurring at 114 due to die dehydration of 
boronic acid groups (Figure 3). The dehydration is ahnost complete once 150 *C has been 
reached with the weight remaining relatively constant up until 393 when the sample starts 
to decompose. Similar trends were observed for the other two sajnpJes F3BA and F4BA with 
a first transition (dehydration) at 72 and 82 ^C, and a second transition (decon^ition) at 427 
10 and 426 «C, respectively. The weight losses due to the dehydration for F2BA, F3BA. and 
F4BA were 5.6%. 1.1%, and 2.3%. respectively. These values show some discrepancies with 
the calculated values (4.2%. 2.7%. and 2.2%. respectively), probably due to sUght variations 
in the drying conditions used in dieir synthesis. 
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Mgure 2. DSC curves (first heatiflg lun) of the oligofluorene diboiomc acids at a heating rate 
of 10 "C/min under nitrogeu (50 mL/njin). 

5 All three cured samples showed no weight losses prior to decomposition, indicatmg Aat 
complete dehydration of the sanq>les had occurred under these chosen curing conditions (1 10 
"C. 2h, under vacuum). The onset decomposition temperatures for the cured sasnplss F2BA, 
F3BA. and F4BA were 405, 428, and 429 "C, respectively, very close to the resalts of the 
uncured samples (393, 427, and 426 «>0, The 5 % weight loss temperafiites for the Cttied 

10 WBA. F3BA. and F4BA were 370, 417 and 420 "C, respectively. These results clearly 
demonstrate Ae high fliermal stabfli^ of these crosslinked materials. 
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Figure 3. Wei^t loss curves for the as-prepared and cured F2BA, F3BA, and F4BA samples 
obtained at a heating rate of 5 ""C/ximx under nitrogen (50 mL/nrin). 

Photophysical properties. The UV-vis spectrum of F2B A in THF has a red-shifted . 
5 absorption maximum at 341 nm, compared with its precursor, dlmers 3 (k^ 329 nm) and 4 
(K^ 336 nm) (Figure 4 and Table 1). This red shift can be accounted for by the involvement 
of the boronic acid groups In the main chain conjugation. This arises because the B-0 bond 
has been reported have some double bond character due to back coordination of the oxygen to 
boron. The samples F3BA and F4BA showed similar red-shifts in their Xmzx's (359 nm and 

10 369 nm) compared with then: corresponding oligomers 6 (352 nm). 7 (355 nm). 8 (363 m), 
and 9 (366). However, in Ihese cases the contribution from the boronic acid groups appears to 
be less evident because of the increased length of the backbone. The photoluminescence 
spectrum of F2BA in THF exhibited two vibronic peaks at 376 and 397 nm, associated with a 
shoulder at 420 nm (Figure 4)- Meanwhile F3BA has two emission peaks at 402 and 424 nm 

15 and a shoulder at 451 nm, while the F4BA displayed two peaks at 413 and 436 nm and a 
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shoulder at 465 nm. These pealcs associated with F4BA are veiy close to those teported for 
polyfluorenes (415 and 439 nm). These oligofluoxene diboionic acids are highly lufflioescent in 
solutioii with fluorescence yields (^„sy of 85 9S CE2BA). 96% (F3BA), and 98% (F4BA). 
respectively. These values are bisher than those reported for most of polyfluorenes. The 
5 confinement of excitons in these conjugated oligofluorenes might explAin their high 
fluorescence yields. 



Table 1. Photophysical Properties of Oligofluorene diboronic adds- 





Solution 






Films 
















As-prepared 


Aft^ curingf 






^iaax,eia 














nm 


nm 




nm 


nm 


nm 


nm 


F2BA 


341 


376, 
397, 
420(s) 


85 


341 


387(sh) 
406 

429(sh) 


349 


392(5), 

409, 

433(s) 


F3BA 


359 


402, 
424, 
451(s) 


96 


359 


409. 
429 


363 


411, 
430 


F4BA 


369 


413, 
436, 
465(s) 


98 


368 


415, 
438, 
469(5) 


369 


416. 
438, 
473(s) 



" Conditions; 60 "C under vacuum for 2h. 

10 



01/14/03 16:41 FAX 61399^33 BUSINESS RELATIONS @020 



16 





e1 




(a) 





1". 2*1^^* 
•Si 


(b) 


«• 
»•< 
«• 
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(^) (c) 
Figure 4, UV-vis (left) and photoluminescence spectra (right) of (a) F2BA, (b) F3BA, and (c) 
F4BA in solution and in the solid state. 

Films of F2BA, F3BA, and F4BA were prepared by dissolving in THF (10 mg / mL 
5 THF), whidx contained a trace of water, diying over MgSO^, and jSltering. Spin-coating these 
solutions onto glass substrates gave uniform, transparent thin films, despite the fact that these 
compounds showed some extent of crystallinity in their powdery state. The as-spun film^ of 
F2BA, F3BA, and F4BA displayed absorption peaks at 341, 359, and 368 nm, respectively, 
nearly identical to those measured in solution (Figure 4 and Table 1). Under UV irradiation, 
10 F2BA films emitted violet-blue light, whereas fihns of F3BA and F4BA emitted bright blue 
light. Emission ^^^/s of these comcpouads bathochromically shifted 9 nm (from 397 to 406 
nm) for F2BA, 7 nm (from 402 to 409 nm) for F3BA, and only 2 nm (from 413 to 415 nm) 
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for r4BA (Figure 4 and Table 1). The absence of any long wavelengdi eniission peaks in the 
500 - 600 nm region suggests that no aggregation was occurring in these thin films. The 
complete si^ression of chain aggregation is likely attributable to the strong hydrogen bonding 
associated wifli the boronic acid groups that prevents the congregation of the oligomer 
5 backbones- After being cured at 60 ^'C under vacuum for 2 h, the absorption X^^s of fliese 
films red-shifted 8 nm for F2BA, 4 nm for F3BA, and 1 nm for F4BA- Slight led-shifts in the 
emission X^sk's were also observed for these fihns (3 nm for F2BA, 2 nm for F3BA, and 1 nm 
for F4BA). However, in all cases there were still no signs of long waveleBgth emissions and 
the red-shifts in the absorption and emission A^*s were assumed to be the result of the slight 
10 increase in coiyugation due to the boxirine ring with the main chain 7c-syst^. Prolonged 
curing (60 *^C, 4 h) or heating at a higher temperature (120 *'C, 2 h) did not appear to cause 
any appreciable changes in the UV-vis and fluorescence spectra of these compounds indicating 
the absence of any chain aggregation and/or excimer formation. Even heating at 120 for 24 
h caused no noticeable changes in the UV-vis spectrum of the F2BA film- Although the 
15 emission spectrum of the F2BA fihn showed a relatively lower emission peak at 392 nm and a 
more pronounced emission at 433 nm, the peaks were located at almost the same positions. 
These changes in the line shape of emission may be due to further formation of boroxines at 
elevated temperatures resulting in a sligjifly more extended conjugation system. The ITSBA 
film after heating at 120 for 24 h also showed a veiy stable UV-vis spectrum. The emission 
20 peaks of the F3BA were also almost maintained at die same positions, even though the peak at 
430 nm became slightly lower, probably due to die above-mentioned reason. On the other 
hand, tliere was almost no change in the UV-vis and fluorescence spectra of F4BA films after 
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being heating at 120 "^C for 24 h. These results suggest that the amorphous architecture of the 
as-spun fihns were fully maintained in the cured films due to the transformation of the 
hydrogen bonding to the more stable boroxine linkages with the liberation of water molecules 
(Sch^e 2). The &ct that no long wavelengfii emission occurred in the 500 - 600 nin region 
were observed with any of these oligpfiuorene networks, clearly suggests that chain 
aggregation and/or excim^ formation were fidly suppressed. 

Part 2. Self-condensation ofhoronic acids to form amorphous polymer networlcs useful as 
hole-transporting materials 



10 




Figure 5. FT-IR spectra of as-prq>ared and cured films of (A) CaBA and (B) TPABA. 
Scheme 3. Synthesis of hole-transpoiting boronic acids. 
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Carbazole and triaiylamine derivatives are known ^ood hole-ttanspoitii^ materials useful 
in LEDs. S»-OctylcarbazoIe-3,6-dn)oiomc acid (CzBA) and tris(4- 
dihydroxyboianylphenyDamine (TPABA) were synfliesized (Scheme 3). Figure 5 clearly 
indicates the complete self-condensation of these materials after heating under vacuum at 90 
°C/4 h for CzBA and 120 «>C/2h for TPABA. 

Part 3, EsteHficaiion ttfborordc acids wUhpolyols to form amorphous pofymernetworits 
useful ioi bbie light emitting materials,. 
1. Cross-linking reactions (Scheme 4). 

E2BA, B3BA, and F4RA were dissolved in THF containing trace of water. Then PSA was 
dissolved in above solutions: The solutions were dried over MgS04 and were used to make films 
on KBr disks. 



10 



Scheme 4 



15 
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n » 2 (F2BA). 3(P3BA).and 4(mBA} 



vacuum 



^^yrene/any alcohol copotymer (PSA) 




Gros9^ked netwoifcs 

After heating at 120 "C for 2h under vacuum. OH gcoiips in boronic acids or polyols almost 
disappeared (Figure 6. 7. and 8), indicating the estetification is mnchmore favored than the self- 
5 condensation of boronic adds. 




lignre 6. FT-IK spectra of F2BA/PSA samples. 
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Figure 7» FT-IR spectra of E3BA/PSA samples. 




4000 SaOO 200O 10CB 



5 Fi^re 8- FT-IR spectra of F4BA/PSA samples. 
2- UV-vis and PL Properties, 

UV-VKS. Specb-a« Hun films were fabricated on glass substrates from above solutions by spin- 
coating. The cross-linking was conducted in a vacuum oven at 120 for 2h. As shown in 
10 Table 2, the absorption maxima (XtnaxS) of the cured films exhibited slight blue shifts (2 mn), 
compared with as-prepared fibns, instead of red-shifts as observed for the cured films made by 
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self-condensation of boroiric adds (F2BA, 341 to 349 nm; F3BA, 359 to 363 nm; F4BA, 368 to 
369 nm). 



Table 2. Photophysical properties of F„BA/PSA films. 









^auixt Pbotolumiaescetiice, nm 






120°C.2h 


120'>C,24h 


As-pre. 


I20«C,2h 


120*'C,24h 


F2BA/PSA 


340 


338 


338 


383,403 


383, 403 


381.401 


F3BA/PSA 


356 


354 


354 


406, 426 


406, 426 


405,426 


F4BA/PSA 


366 


364 


364 


413,436 


413,436 


413.436 



PL spectra (Figure 9, 10, and IJ). The as-prepared films of F2BA/PSA, E3BA/PSA, and 
F4BA/PSA showed emission peaks (highest) at 403, 406, and 413 mn, respectively, which 
sli^y led-sMfted compared to those of thie as-prepared fihns of F2BA (406 nm), K3BA (409 
nm), and F4BA (415 nm). Hie cured fihns showed no any change in the emission peak positions 
and shapes wifliin flie instrameo^ error. On the otlier hand, the cured fihns of F2BA, F3BA, 
and F4BA red-shifted 3, 2, and 1 nm in tiieir Fh spectra, respectively. The intensity of the 
emission ahnost remains the same as the imcured samples, while the films made by self- 
condensation of FUBA showed reduced intensity after curing. The insulating PSA moieties 
worked better than ihe boxoxinc rings to trap or confine the exdtons. 

Hiese samples show very thermally stable optical properties with almost no change in thek 
UV-vis and PL spectra after heating at 120 "C for 24 h under vacuum. After beating in the ah- at 
120 *C for 24 h, the UV-vis showed no appreciable changes. The shape of the PL spectra was 
maintamed after heatmg in the air, but the intensity decrease about one third of the original 
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intensity. However no long wavelength emission was observed. These results indicate that 
oxidation occurs when these samples were exposed to air at elevated temperature, but the 
quenching efSfect is not as strong as observed in polymers wi& extended conjugation. The 
isolation of chromophores by insulating PSA might prevent the migration of excitoiis to the 
5 quenching sites generated by oxidation. 




VVawelctigilit nm 



figure 9. PL spectra of F2BA/PSA films. 
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Figure 10- PL spectra of ESBA/PSA films. 
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Flgore 11. PL spectra of F4BA/PSA films. 

5 



10 Conclusion 

A novel approach based on the thennal dehydration of oUgofluorene dibotonic acids via the 
fonnation of boioxine linkages has been proposed to resolve the problems associated wifli chain 
aggregates and/or excimer formation that has often been observed polyfluoienes. The 
15 oJigoflooiene diboronic acids, F2BA. F3BA, and F4BA, were thus designed and synthesized. 
These compounds are readily soluble in organic solvents such as THF. acetone, and DMF. 
These compounds can be easfly fabricated into uniform thin films spinrcoating from THF 
soluiioiDS onto glass substrates. These films can flien be conveniently cross-linked using mfld 
conditions (60 - 110 *C under vacuum for 2h) to form solvent-resistant and thermally stable 
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amoiphous polymeric networks (T^, 173 - 202 «^C; at 5% weight loss, 370 - 420 ^C). The 
absorption and emission spectra of these fhin films were also found to be fliennally stable, 
showing no long wavelengft emissions after being heated at 120 for 24 h. These stable bine 
light emitting materials would appear to be proxnising materials for organic emitters in LEDs. 
5 The electroluminescence properties of these materials are currently under investigation. It also 
appears likely that ibis approach could be applied for hole- and electron-transporting materials in 
LEDs to stabilize their morphology and electro-optical properties. More importantly, since the 
crosslinlced networks made by this method are insoluble in water alone and in anhydrous organic 
solvents, they allow the coating of succeeding layers to fabricate super-lattice structures and 
10 multi-layered devices. 

Aiylamine derivatives CzBA and TPABA were synthesized. These boronic acids readily 
uudergoself-condensation under mild conditions to fonn solvent-resistant polymeric 
networks,These materials are potentially applicable as hole-transporting materials in 
devices such as LEDs- 

15 Esterification of boronic acids F2BA, F3BA, and F4BA with a commercially available polyol 
PSA were mvestigated. Esterification of boronic acid groups almost completes after 
heating at 120 ''C for 2 h under vacuum. The crosslinked networics thus formed showed 
strong solyent-resistarice. The spectral stabilities are also improved jn respect wifli fljose 
prepared by thermal self-condensation of boronic acids alone, which axe attributable to 

20 the absence of weakly conjugated boroxine riiigs in these polymer networks. 
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FabHcation and study of optical and electronic transport of the light 
emitting devices based on CzBA and f3BA 
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1. Fabrication of smgle- and double-layer thin films 

Two types of materials contaiiung boronic acid groups have been used for die preliroinaiy study 
on the possibility of ma k ing a multi-layer structure: CzBAQiole transporting) and FjBA 
(electron-trausporting, light emitting). 

1. The CzBA tiiin films were spin-coated from a THP solution (2(hng CzBA/ml), at 
ISOOrpm for 50''. The CzBA fflms prepared under this condition are about 110-120 iim 
thick. Films were heated in a vacuum oven at 130 for two hours to realize cross- 
link. No thickness change was found after the heat treatment (within 10% of accuracy). 





spectta is vexy small (Figure 1) 
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Figure 1 



2. The F3BA thin films were spin-coated firom a THF solution (20mg FsBA/ml), at 
ISOOrpm for 50". The F3BA films prepared under this condition are about 120-130 nm 
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thick. Films were heated in a vacuum oven at 130 'C for two hours to realize cross- 
link. No thickness change was found after the heat treatment (within 10% of accuracy). 
Small red shifts were found the UV-vis and fluorescence spectra. But the diange in. 
spectra is very small. One important feature in the FL spectra is that the intensity did 
not decrease after a Genual treatment In vacuum (Figure 2). An FjBA layer was also 
spin-east on top of the CzBA thin fihn. The total thickness of the resulted double layer 
structure was 250 nm, that is the sum of the thickness of CzBA and F3BA layers. 



10 
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Figure 2 
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Appendix III 

Fabrication and study of optical and electronic transport of organic 
light emitting devices based on CtBA and F3BA thin films; 

ITO coated glass substrates were patterned using conventioual photolithography and wet 
chemical etching. The pixel size is 5mm x Smm. Thin films and double layer structure were 
prepared as described in Appendix I. Three device structures were used as follows (Figure 3): 



Mg:Ag 




Devices with double layer structure were success&Ily fehricated using CzBA and F3BA. CzBA 
layer functioned as a hole-transpoiting layer, and F3BA ftmctioncd as an emissive and electron- 
transporting layer. The following are the device perfonnance data of OLBDs based on CzBA and 
35 F3B A double layer structure and F3BA single layer structure: 

1. At the same electric field strength, the double layer structure device conducts much more 
electric current (cmrent »hole current + electron current) (Figure 4). 
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2. At Ihe same electric field strcagfli, the double layer sl^^ 
(Figures). 
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Figures 



3. At die same electric current density, die double layer structure device emils more light, 
i. e. the device efficiency is mxich higher (Figure 6). 
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35 Figure 6 

4. The electroluminescence spectxiun of the C2BA/F3BA double layer device is identical 
to the photoluminescence spectrum of F^BA thin film (peaked @4l6nm). However, the 
EL spectrum of a single layer FjBA device is veiy diffexem from the PL of F3BA ttiin 
40 film, there is a very broad long-wavelengOi shoulder beside the fluorene emission peak 

(Figure 7), that might be caused by imbalanced charge injection (electrons > > holes) 
in the device. In many cases, molecules are much less stable at charged state. 




Wavelength (nifi) 



Figure? 



This series of experiments demonstrated that a double layer structure has been fabricated 
successfully using CzBA and F3BA. The hole-transporting lay^ and electron-transporting layer 
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itoction«i properly according to the design. Hiat the fluorescence intensity did not decrease 
afta- a thennal treatment at 130 "C indicate the cross-link process is useful in enhancing the 
feennal stability, espedally for fluorene-based compounds, which are know thermally unstable. 
Iliepeak position of the EL emission at different driving voltages remained at 426 nm (Figure 
S). Ttus IS a significant improvement as compared to other polyfluorcn© based LBDs. 
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figures 

Tlie maximum luminance value recorded for the CzBA/FSBA double layer device is around 1 70 
cd/m , this is because the luminance meter is caUbiated as a photopic response device (Figui^9). 
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